Abstract Free-hand thoracic pedicle screw placement is becoming more prevalent within neurosurgery residency training programs. This technique implements anatomic landmarks and tactile palpation without fluoroscopy or navigation to place thoracic pedicle screws. Because this technique is performed by surgeons in training, we wished to analyze the rate at which these screws were properly placed by residents by retrospectively reviewing the accuracy of resident-placed free-hand thoracic pedicle screws using computed tomography imaging. A total of 268 resident-placed thoracic pedicle screws was analyzed using axial computed tomography by an independent attending neuroradiologist. Eighty-five percent of the screws were completely within the pedicle and that 15% of the screws violated the pedicle cortex. The majority of the breaches were lateral breaches between 2 and 4 mm (46%). There was no clinical evidence of neurovascular injury or injury to the esophagus. There were no re-operations for screw replacement. We concluded that under appropriate supervision, neurosurgery residents can safely place free-hand thoracic pedicle screws with an acceptable breach rate.
Introduction
Pedicle screws are frequently used to instrument the thoracic spine, and placing these screws in a free-hand fashion with tactile palpation has become more prevalent. When comparing the advantages of pedicle screws over hooks, pedicle screws provide better pull-out strength, threedimensional control of deformity correction, and do not routinely violate the spinal canal if placed properly [1, 2] . The small pedicle diameter in the thoracic spine (especially in the mid-thoracic spine) has made cannulating the thoracic pedicle more challenging than cannulating the lumbar pedicle. Initial experience of pedicle screws in thoracic spine, even in the hands of experienced surgeons, was noted to have high incidences of pedicle breaches, with up to 41% of the screws penetrating the cortex [3] . Later experience with thoracic pedicle screws was more positive, with breach rates in the 10-20% range [4, 5] . In most of these series, fluoroscopy was used to guide the insertion of the pedicle screw. More recently, image guidance has also been developed for the insertion of pedicle screws. Although image guidance has decreased the rate of breaches significantly, it historically has also increased the operative time [6] . Moreover, image guidance is not widely available.
The free-hand thoracic pedicle screw technique has been well-described by Kim et al. [7] and one inserts pedicle screws based on anatomical landmarks and the tactile feel of probing the pedicles. Kim et al. [8] report a low complication rate with this technique; however, it is associated with a steep learning curve. Moreover, their reported breach rate is based upon a combination of spine fellow-placed and attending-placed pedicle screws. To our knowledge, there is no report of neurosurgery resident-placed pedicle screw breach rate using the free-hand technique.
Given that an important part of the free hand technique relies on tactile feedback, first-hand experience is essential for learning this technique. Because the pedicle cannulation, tapping, and screw placement are done bilaterally by the residents under direct supervision at our institution, we wished to retrospectively analyze the rate at which the screws are completely placed within the pedicles. We used computed tomography (CT) scans to retrospectively analyze insertion of thoracic pedicle screws by neurosurgery residents under the guidance of the senior spine surgeon.
Materials and methods
We retrospectively studied our series of patients who underwent thoracic spine pedicle screw placement from 2004 to 2008 by one attending spine surgeon and identified all cases that had a postoperative CT scan of the thoracic spine or of the chest. At our institution, routine postoperative CT scans are not obtained to evaluate pedicle screws, but CT scans are obtained for other reasons: planning for a second stage of surgery, baseline scan for following tumor resection, radiosurgery treatment planning, or evaluating chest pathology (pulmonary embolus or effusion). Because the attending surgeon has the residents to place thoracic pedicle screws bilaterally, both right and left pedicle screws were analyzed. Cases in which a physician assistant was involved or in which the attending surgeon placed one or both sides of the pedicle screws were excluded. We identified 36 patients with CT scans of the chest or thoracic spine and included 32 patients in our study. Three of the patients were excluded because a physician's assistant was involved in their cases, and one patient was excluded because he underwent thoracic pedicle screw placement in the lateral decubitus position (during a simultaneous anterior/posterior approach) rather than the standard prone position. Thirty-two patients were included in this study. In these cases, the residents placed the pedicle screws under the supervision of the attending spine surgeon.
Surgical technique
The technique of free-hand thoracic pedicle screw placement is well-described in the paper by Kim et al. [7, 8] , but we will briefly mention our technique here. First, the thoracic spinal level is confirmed under X-ray. The size and angulation of the thoracic pedicle is based on previously documented, standard anatomic descriptions of thoracic pedicles [9] . We then used the well-documented anatomic entry points for free-hand thoracic pedicle screws as described by Kim et al. [7, 8] in 2004. A small pilot hole is drilled with an AM-8 side cutting burr. A curved pedicle probe is first introduced with the tip pointing laterally until approximately 20 mm. The probe is then completely removed, rotated until it is pointing medially, re-inserted to its depth of 20 mm down the previously made track, and subsequently medially until 30 mm (25 mm if at T1-T3 in a small patient). The sagittal trajectory of the probe is based upon the external anatomy of the posterior thoracic spine-the lamina and spinous processes. The mediallateral angulation of the probe is based upon the level of the thoracic spine and is well described by Panjabi [9] or based upon preoperative CT imaging (if available). The hole is then palpated with a ball-tipped probe. If no breach is palpated, this is subsequently dilated with a straight pedicle probe (4.2 or a 5.2 mm depending upon the level). The hole is then palpated again. The hole is then tapped 1 mm smaller than the proposed screw diameter. This is again palpated. The screw is inserted. One lateral plain radiograph or single fluoroscopic image is taken to confirm that the length of the very first screw is appropriate and that the level instrumented is correct. Further screw lengths are then based upon the length of the first screw and the subsequent levels of the thoracic spine. Fluoroscopy is not used during actual screw placement, but it is used to confirm good placement after the screws have been placed. If fluoroscopy is not used, a lateral radiograph is taken to confirm screw placement.
If the resident is unable to properly cannulate the pedicle, the attending surgeon (DC) attempts to cannulate it. If he cannulates it correctly, the tapping and the placement of the screw are then performed by the resident. If the attending surgeon is not able to safely cannulate the pedicle, that pedicle is skipped. Out of 284 pedicles, 16 pedicles were abandoned because of the inability to safely cannulate them. Motor-evoked potentials and somatosensory-evoked potentials were used during the case to monitor the neurophysiological condition of the spinal cord, but no stimulation of the screws is performed.
Analysis of the pedicle screw insertion
Dedicated CT scans of the thoracic spine or CT scans of the chest were obtained. Each CT scan was evaluated independently by an attending neuroradiologist (CTC). For chest CT scans, the images were magnified and coned to evaluate the screws within the pedicles. Pedicle screws were marked as ''in'' if they were deemed fully contained within the pedicle walls. Any cortical violation was recorded as a violation. Cortical violations were recorded as either medial, lateral or anterior. Violations were quantified in millimeters and graded at either: no violation, 1-2 mm violation, 2-4 mm violation, or greater than 4 mm violation.
Results
We identified 32 patients who underwent placement of thoracic pedicle screws and who had a postoperative CT scan of either the chest or thoracic spine (Table 1) . Of the patients, 19 were male and 13 were female. The mean age of the patients was 51 with a range of 14-80. Indications of surgery included tumor (16 patients), deformity (7 patients), infection (7 patients), degenerative spine disease (1 patient) and trauma (1 patient) (Figs. 1, 2, 3) .
A total of 268 screws were placed into 32 patients. The levels at which the screws were placed are shown in Table 2 . Of the 268 screws placed, 227 (85%) were deemed to be completely within the pedicle. There were 41 screws that had cortical violations. There were 16 (6%) medial cortex violations and 24 (8.9%) lateral cortex violations. The majority (68%) of these breaches were between 2 and 4 mm (Table 3) . However, there were five breaches that were over 4 mm, two of them being medial breaches. There were also two (0.75%) anterior vertebral body violations with one screw protruding 1-2 mm beyond the anterior cortex and another protruding 2-4 mm beyond the cortex.
Of the 12 thoracic spinal levels, T5 had the most number of breaches with 3 medial breaches, 6 lateral breaches, and 1 anterior cortical violation (which also had a lateral breach by the same screw). The mid-thoracic spine (T5-T8) accounted for 19 of the 41 screws with cortex violations. However, there were no neurological, vascular, or visceral injuries from any of these screws.
Among the patients with deformity, 85 screws were placed and 25 screws had breaches (29%). Half of the breaches were located in the mid-thoracic spine (13 breaches). The most frequent pattern of cortex violation was a lateral cortex violation between 2 and 4 mm (12 violations).
In terms of levels of training, six postgraduate year (PGY)-6 residents placed 111 of the 268 screws, five PGY-3 residents placed 74 of the screws, and five PGY-2 Tables 4, 5 ). The PGY-6 residents were associated with the highest rate of cortex violations, with 19% of the screws having violations (Table 5) . Screws placed by the PGY-2 and PGY-3 residents had similar rate of cortical breaches, both occurred at 13% (Table 5) .
Discussion
Pedicle screw placement in the thoracic spine can be more challenging because of the smaller pedicles, potential deformity, the spinal cord's inability to tolerate significant deformation, and the difficulty of obtaining good intraoperative fluoroscopy at many levels [3, 10, 11] . Vaccaro et al. [3] had shown in a cadaver study that without the use of fluoroscopy, as many as 41% of thoracic pedicle screws violated the cortex and 23% of the screws had medial violation and entered the spinal canal. Nevertheless, pedicle screws have superior biomechanical properties as compared to hooks and have the ability to control the spine in the axial, coronal and sagittal planes [1, 2] . Moreover, unlike hooks, a properly inserted pedicle screw does not intentionally enter the spinal canal and can be just as strong in the presence of a laminectomy. Fluoroscopy has been the most commonly used method to guide the insertion of pedicle screws into thoracic spine. In most surgical series, a 10-20% rate of cortical violation is reported, although rates as high as 40% have been noted in some series [4, 5, 12, 13] . Most of the violations were either contained within the rib head or protruded \2 mm medially. The incidence of neurovascular injury or need for screw revision has been \2% of patients [4, 5, 12, 14] . In cases of scoliosis correction, fluoroscopy offers less anatomic information about the orientation and position of the pedicles due to the severe deformity, rendering it less useful [15] .
Computer-assisted image guidance has also been used by spine surgeons. Many studies have shown that image guidance significantly decreases the cortical violation rate to less than 10% [16] [17] [18] [19] [20] [21] . The biggest drawback, however, is the increased operative time; some have calculated that image guidance increases the screw insertion time by as much 50% at each level [6] . Moreover, the intervertebral anatomical relationship may change during surgery, increasing the potential risk of registration error with navigation [15] . Some authors have used a mixed strategy such as using image guidance for the upper and mid-thoracic spine-which tends to have smaller pedicles-and using the free-hand or fluoroscopic guidance techniques for the lower thoracic spine [17] . Recently, the free-hand technique has gained popularity. Kim et al. [7, 8] reported a series in which 8,000 screws had been placed by the freehand technique without neurovascular complications, and only 8% had significant breaches. The free-hand technique relies on anatomy and the tactile feedback for pedicle screw insertion. The anatomy can be learned, but the tactile feedback must be experienced first-hand. Thus, we feel it is important that the residents actually cannulate the pedicles themselves on both sides of the spine to maximize their experience. Moreover, detecting a breach of the pedicle wall by probing the pedicle is a skill with significant learning curve [22, 23] . There are few substitutions for this experience other than personally feeling what a breach is like. Our results have shown that under supervision, free-hand thoracic pedicle screws placed by neurosurgery residents have a 15% cortical violation rate, which is comparable to most surgical series. The majority of the violations ranged between 2 and 4 mm. It has been shown that medial cortical violations of\4 mm are unlikely to cause any neurological complications [7, 24, 25] .
It is interesting that the PGY-6 residents had a 19% cortical breach rate, slightly higher than the 13% breaching rate of the PGY 2 and 3 residents. Many of the breaches originate from two patients, who account for 10 out of 21 breaches for the PGY-6 residents. One possible explanation is that the junior residents most likely had more strict supervision for placement of screws whereas the chief residents were given more independence (though still supervised) during placement of the screws. We had more lateral cortical breaches than medial breaches. The most likely explanation is the tendency to err laterally instead of medially. No vascular or pleural injuries were observed in these cortical violations.
This study is based upon postoperative thoracic spine CT scans and chest CT scans because CT scans have been shown to be more sensitive than radiographs in detecting cortical breaches [24] . We do not routinely obtain postoperative CT scans on every patient undergoing thoracic fusion because of cost and added radiation exposure, but we do perform CT scans if they are clinically indicated. Indications for CT in this patient cohort included: planning for further surgery, evaluation of bony resection, baseline to follow tumor recurrence or progression, radiosurgery treatment planning, or evaluation of possible chest pathology (e.g. pulmonary embolism, pleural effusion, etc.). One could argue that this created a selection bias: how does one know whether patients with ''well-placed'' screws seen on X-ray were selected for CT scanning and patients with ''poorly placed'' screws were excluded? This would be the case if we had selectively chosen to obtain CT scans in patients to evaluate pedicle screw placement; however, the indication to obtain a CT scan was not related to the placement of pedicle screws. That is to say, CT scans were not obtained because we wished to evaluate ''wellplaced'' or ''poorly placed'' pedicle screws; rather, they were obtained for clinical reasons without regards to intraoperative placement of the screws. Thus, because the CT scans were not obtained for evaluation of pedicle screw placement per se, we felt that this essentially became a reasonable random sampling of thoracic pedicle screw cases in this time period. T4  78  80  50  70   T5  75  88  58  69   T6  90  100  92  94   T7  88  88  92  90  T8  75  75  100  87   T9  100  80  89  89   T10  75  100  80  87   T11  100  83  100  96   T12  75  83  78  79   Overall  87  87  81  85 Complex techniques in neurosurgery such as aneurysm clipping or thoracic screw placement require significant training and experience before the surgeon can master the technique. Several studies have analyzed the outcome of aneurysm clipping by neurosurgeons in training and noted no significant difference in outcome as compared to staff neurosurgeon-performed cases [26, 27] . However, it is important to ensure that quality care is nonetheless delivered, despite the role of training. For spinal instrumentation techniques, the anatomical relationship of bony landmarks can be learned by practicing on saw-bone models. Practicing on cadavers is another way to gain additional experience. However, neither saw-bones nor cadavers can replace the actual experience, especially the tactile feedback experience. Moreover, availability of cadavers is often limited. Therefore, our program does not have routine saw-bone or cadaver training sessions for residents. From our experience, training takes place best in the operating room. The typical training route consists of observation of the technique first, followed by execution of the technique under strict supervision. Thus, it is important to study the outcome of surgery in an advanced technique such as free-hand thoracic screw placement performed by trainees.
Conclusion
An analysis by CT scan shows that under proper guidance and supervision, neurosurgery residents in various years of training can safely place free-hand thoracic pedicle screws with a cannulation rate comparable to that of other published series.
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